We have been investigating crystal growth of AlN on nitrided sapphire substrates, and have grown c-axis oriented AlN layers using liquid phase epitaxy (LPE) with GaAl fluxes. However, rotational domains having 1-deg difference around the c-axis exist in the AlN layers. One of the purposes of this study is to eliminate the rotational domains. To do so, an annealing process at elevated temperatures was attempted before the LPE process. Then, its effectiveness was discussed. The origin of the rotational domain was explained using distortion of O 2¹ ions arrangement in (0002) sapphire surface. The mechanism of the eliminating the domains was discussed using the lattice vibration of the sapphire at elevated temperatures. Secondly, effects of growth temperature on the AlN layers were investigated in terms of the growth rate, surface morphology and crystal quality. The growth rate of the LPE AlN layer increased concomitantly with increasing growth temperature at 1373 1673 K. The growth rate attained at 1673 K was 0.52 µm·h ¹1 . Crystal quality is almost independent of the growth temperature in that temperature range.
Introduction
As a substrate material for AlGaN-based ultraviolet light emitting diodes (UV-LED), AlN is promising because of its high thermal conductivity, high ultraviolet transmittance, and small mismatch with AlGaN. Actually, AlGaN-based UVLEDs are expected to have various applications. 13) However, fabricating AlN bulk single crystal is generally difficult because of its high melting temperature and high dissociation pressure at higher temperatures. We have fabricated AlN bulk single crystal using the pyrolytic transportation method, and have demonstrated that it has excellent homoepitaxy with an AlN layer overgrown using hydride vapor phase epitaxy. 4) This method is under development to obtain larger crystals. Concurrently, considering sapphire utilization, we are particularly examining production of a high-quality AlN layer on a sapphire substrate using liquid phase epitaxy (LPE) methods.
Some LPE methods were previously reported by several authors. Kamei et al. 5) reported that a 180-µm-thick AlN crystal was obtained on SiC substrates using CuAl flux at temperatures between 1873 and 1973 K. Isobe et al. 6) reported that a 1.8-µm-thick AlN crystal was obtained using the CaSnAl flux on AlN/sapphire templates under conditions of 5 atm and 1173 K for 96 h. Kangawa et al. recently reported that LPE growth of bulk AlN using source materials of Li 3 N and Al. 7) In this report, a self-nucleated AlN crystal grown by physical vapor transport method was used as a seed crystal.
We have reported a novel LPE method using GaAl binary fluxes under nitrogen at normal pressure. 8) To fabricate a high-quality AlN layer, nitrided sapphire substrates have been used as a template. 9, 10) Using the GaAl flux technique, we succeeded in fabricating a high c-axis orientated AlN layer using a Ga40 mol%Al flux. The full width at half maximum (FWHM) of the X-ray rocking curve (XRC) of the AlN (0002) plane was 50 arcsec. However, the XRC of AlN (10-12) exhibits a split peak with 1-deg difference, which indicates the existence of rotational domains in-plane originated from the nitrided sapphire. Ueno et al.
11) demonstrated that, when using pulsed laser deposition (PLD), a nitrogen radical treatment of the nitrided sapphire substrate is effective to eliminate the rotational domains before AlN growth.
For our LPE technique, we have attempted heat treatment of the nitrided substrates (annealing) before the LPE growth to unify the rotational domains. In this paper, we describe details of the annealing effect, and discuss the mechanism of domain elimination. Moreover, we have grown AlN layers through the LPE process at temperatures of 13731773 K to investigate the effects of growth temperature on the growth rate, surface morphology, and crystal quality. The results are also reported in this article.
Experimental
Nitrided sapphire substrates were prepared through nitriding c-plane sapphire substrates in N 2 CO gas mixture with a ratio of N 2 /CO = 0.9/0.1 at 1773 K. Experimental details of sapphire nitridation are described in previous papers. 9, 10) The AlN layers were grown on the nitrided sapphire substrate using the LPE process with a GaAl flux. The optimal flux composition was determined previously as Ga40 mol%Al. 8) The component of Ga is also a nitride former, however, GaN dissociates around 1115 K under normal pressure of nitrogen based on the thermodynamic data. 12, 13) The activity of GaN is estimated to be as low as 0.01 at 1573 K assuming an ideal solution of GaAl system. Therefore, selective growth of AlN layer is possible using GaAl flux over 1115 K. Experimental details of the LPE process and sample characterization are explained elsewhere. 8) Figure 1 (a) presents an experimental procedure for studying annealing effects to eliminate the rotational domains. The nitrided sapphire substrates were prepared through cutting from the same 2-inch nitrided sapphire substrate for comparison. The nitrided sapphire substrates (10 mm © 11 mm © 0.4 mm) were set on the alumina holder. Then the substrates were heated at 325 K·min ¹1 , and were kept for 2 h at temperatures of 1173, 1373 and 1573 K for annealing. After annealing, the substrates were immersed in the flux. Then, nitrogen gas was injected immediately into the flux at a flow rate of 20 sccm (1 sccm = 1 cm 3 ·min ¹1 at 273 K and 1.013 © 10 5 Pa). After immersion of the substrate into the flux, the substrates were heated again to 1573 K. Then, the AlN layers were grown in the flux for 5 h. Figure 1 (b) presents an experimental procedure for studying the effects of growth temperature on the growth rate, surface morphology and crystal quality. During heating, substrates were immersed into the flux at 1023 K, and nitrogen gas was injected into the flux. The growth temperature was varied from 1373 to 1773 K. The LPE process was conducted at each growth temperature for 5 h without annealing.
The AlN layers grown through the LPE process were characterized using X-ray diffraction (XRD). A Cu K¡ line was used as an X-ray source. An X-ray diffractometer with a monochromator consisting of 2 Ge (400) crystals and an analyzer consisting of single-bounce Ge (220) crystal was used to study the crystallographic orientation (2ª-½ scan) and the full width at half maximum (FWHM) of the X-ray rocking curve (XRC) (½ scan). Diffractions from AlN (0002) and (10) (11) (12) were used, respectively, to measure the XRCs for the tilt and twist components of the LPE AlN layers. For nitrided sapphire substrates, diffraction from AlN (10-10) was chosen to measure the XRC for a twist component because of higher intensity. The surface morphology of the LPE AlN layers was observed using a laser microscope. Cross-sectional images of the AlN layers were observed using a scanning electron microscope (SEM).
Results

Rotational domains
Figure 2(a) shows the AlN (10-10) XRC of the nitrided sapphire substrate before the LPE process. The XRC exhibits a split peak with 1-deg difference. The XRD intensity is weak because the AlN layer formed by the nitridation is as thick as 10 nm. 9, 10) Figure 2(b) shows the (10-12) XRC of the LPE AlN layer grown at 1573 K for 5 h on the nitrided sapphire substrate without annealing. The XRC also clearly exhibits a split peak with 1-deg difference in accordance with the nitrided sapphire. The FWHM values of each peak were as narrow as 569 and 590 arcsec. Consequently, the rotational domains exist in the LPE AlN layers, which originate from the nitrided sapphire substrates. Figure 3 presents the AlN (10-12) XRCs for the LPE AlN layers, which were annealed before the LPE growth at temperatures of 1173, 1373 and 1573 K. Intensity of the peak at around 25.8 deg decreased concomitantly with increasing annealing temperature. However, intensity of the peak at around 24.9 deg increased concomitantly with increasing annealing temperature. This result indicates that the domain at higher omega rearranged and coalesced with the domain at lower omega during the annealing. Consequently, it is readily apparent that the annealing before the LPE process is effective for unification of the rotational domains. The FWHM of the XRCs for AlN (0002) and (10-12) were 208 and 634 arcsec, respectively, for the AlN layer obtained by annealing at 1573 K.
Elimination of rotational domains
Effect of growth temperature
To study the effects of growth temperature on growth rate, surface morphology, and crystal quality, we conducted the LPE process to grow AlN layers at several growth temperatures of 13731773 K. For the experiment conducted at 1773 K, nitrogen gas injection was stopped during the growth process because of nozzle clogging with AlN formed in the flux. The chemical reaction between Al and nitrogen gas was prompted in the flux at 1773 K. The LPE processes at other temperatures were achieved as planned. Figure 4 presents the surface morphologies of the AlN layers grown using the LPE process at temperatures of 1373 1673 K using a laser microscope. Fringe patterns were observed on the surface of the substrates grown at 1573 and 1473 K, as shown in Figs. 4(b) and 4(c) . The substrate grown at 1673 K has no fringe pattern, as presented in Fig. 4(a) . For the lowest growth temperature, 1373 K, the surface was not fully covered by the AlN layer, i.e., the gray area is an uncovered sapphire substrate. Figure 5 presents cross-sectional SEM images of the AlN layers grown at temperatures of 13731673 K. The AlN layer thickness increases concomitantly with increasing temperature. The thicknesses of films grown at 1673, 1573 and 1473 K were evaluated, respectively, as 2.6, 1.2 and 0.3 µm. The AlN layer did not fully cover the sample grown at 1373 K. Only small islands formed on the nitrided sapphire, as depicted in Fig. 5(d) . Crystals of a few micrometers in size were observed on the surface of the AlN layer grown at 1673 K, as depicted in Fig. 5(a) . Figure 6 presents an Arrhenius plot of the growth rate of the LPE AlN, where growth rates were determined from Fig. 5 . The apparent activation energy was determined as 220 kJ·mol ¹1 from the slope of this linear relation. Figure 7 shows FWHM values of the XRC for the LPE AlN layers grown at temperatures of 13731673 K. The higher (0002) XRC value for the AlN layer grown at 1673 K is attributable to the small crystals formed on the surface. Therefore, crystal quality is almost independent of the growth temperature, even with much different growth rates.
Elimination of Rotational Domain in AlN Layers Grown from GaAl Flux and Effects of Growth Temperature on the Layers
Discussion
Origin of rotational domains of nitrided sapphire
In case of metalorganic vapor-phase epitaxy (MOVPE), Kawaguchi et al. reported that AlN crystal which grew on the nitrided sapphire by NH 3 preflow before the MOVPE process had alternately rotated grains having 34 degrees difference in the in-plane direction. 14) Hayashi et al., recently reported that annealing treatment of sapphire substrate before the MOVPE process permitted single domain growth of AlN crystal on the nitrided sapphire. 15) About the origin of the rotational domain, they described arrangement of O 2¹ ions of each monolayer of sapphire along c-axis. Because the effect of imbalanced Coulomb force caused by Al 3+ ions, the arrangement of O 2¹ ions is distorted. Thereby, two kinds of distances between adjacent O 2¹ ions exist in-plane of sapphire.
16) The distances are 0.252 and 0.287 nm at room temperature. 17) There are two arrangement planes of the O 2¹ ions, which rotate 180-degree each other. Then, the rotated planes appear alternately along c-axis with every single monolayer (Fig. 8) . Hayashi et al. proposed that the rotational domains of AlN originated these alternately arranged planes of sapphire. Meanwhile, Van et al. studied the morphology evolution of the (0001) sapphire surface annealed in air in the 12731773 K. They reported that multiple steps were generated depending on the annealing temperature on the sapphire surface. 18) Hayashi et al. 15) succeeded to obtain single domain of AlN layer using MOVPE on the double-step sapphire substrates obtained by the annealing treatment demonstrated by Van et al. In case of our study, we consider that the rotational domains of nitrided sapphire substrate as presented in Fig. 2(a) also originated in O 2¹ ions arrangement of c-plane sapphire same as described above. 
Annealing effects
In this study, we used annealing treatment to annihilate the rotational domains in the LPE-grown AlN layer. From Fig. 3 , the domain at a higher omega value (½ = 25.8 deg) is apparently more unstable than the domain at a lower omega value (½ = 24.9 deg). Here, we discuss the mechanism of the unification of the rotational domains of our process. As described above, rotational domains of nitrided sapphire layer could be caused by distortion of O 2¹ ions arrangement in each monolayer. In the annealing process at 1573 K, amplitude of lattice vibration of the sapphire became larger. This lattice vibration could make the difference between the two kinds of distances of O 2¹ ions obscure, therefore, rotated domains in the nitrided sapphire layer was unified by 2 hannealing at 1573 K. After the annealing process, the substrate was inserted into the flux, and consequently single domain AlN layer was grown on the unified domain nitrided sapphire layer. After the LPE process, the substrate was cooled down to room temperature and was taken out from the furnace. The LPE AlN layer became thicker enough, therefore, the AlN layer maintained single domain.
In order to support this mechanism of the unification of rotational domains, we estimated displacement of atoms of sapphire lattice vibration. The atomic scattering factor f in Xray diffraction is expressed using DebyeWaller temperature factor as follows, 19, 20) 
Here, f 0 is the atomic scattering factor without thermal vibration, hu 2 i is mean-square displacement, and is wave length of X-ray. Moreover, factor B is represented as,
Here,
h is Planck constant, T is absolute temperature, m is atomic mass, k is Boltzmann constant, and # is Debye temperature. Using these expressions, mean-square displacement of atoms can be evaluated. Many researcher used Debye temperature of sapphire as about 9001000 K. 21, 22) Here, we also assume Figure 6 presents an Arrhenius plot of the growth rate of the LPE AlN. The apparent activation energy was determined as 220 kJ·mol ¹1 from the slope of this linear relation. Possible elementary steps of the LPE process are as follows,
Temperature dependence of the LPE growth
(1) Dissolution of nitrogen gas in the flux (2) Transport of dissolved nitrogen atoms from the gas nozzle to the substrate (3) Chemical reaction between the dissolved nitrogen and Al to form AlN on the substrate At the first step, injected nitrogen gas dissolved into the flux. Subsequently, the dissolved nitrogen atoms were transferred to the substrate by convection and diffusion in the flux. Then, the dissolved nitrogen atoms reacted with Al on the surface of the substrate. The chemical reaction between the dissolved nitrogen and aluminum forming AlN substantially occurred only on the substrate surface up to around 1673 K. At 1773 K, the formation reaction of AlN occurred everywhere in the flux, which led to nozzle clogging.
However, no further discussion can be made, because no report previously described the activation energies of dissolution of nitrogen gas, diffusion of nitrogen and AlN formation in the flux. Kinetic study on the LPE growth is necessary to clarify the rate-determining step.
Conclusion
The annealing process in the nitrogen gas atmosphere immediately before the LPE growth is effective to eliminate rotational domains of the nitrided sapphire substrate. Using this technique, we succeeded to decrease rotational domain drastically in the AlN layer grown from the GaAl flux. The origin of the rotational domain was explained using distortion of O 2¹ ions arrangement in (0002) sapphire surface. The mechanism of the eliminating the domains was discussed using the lattice vibration of the sapphire at elevated temperatures.
The growth rate of the LPE AlN layer increased concomitantly with increasing growth temperature for 13731673 K. The growth rate attained at 1673 K was 0.52 µm·h ¹1 . Crystal quality is almost independent of the growth temperature in this temperature range. 
